Background: Children with acute hematogenous osteomyelitis (AHO) have a broad spectrum of illness ranging from mild to severe. The purpose of this study is to evaluate the impact of genomic variation of Staphylococcus aureus on clinical phenotype of affected children and determine which virulence genes correlate with severity of illness.
Introduction
Community acquired Staphylococcus aureus is the leading cause of acute hematogenous osteomyelitis (AHO) among children worldwide [1, 2, 3] . There is substantial variation in clinical presentation and response to treatment of affected children ranging in spectrum from mild to severe [3, 4, 5, 6, 7] . Some children require only a short course of antibiotics and brief hospitalization without the need for surgery, whereas others require intensive care, undergo multiple surgical procedures, experience prolonged hospitalization, and receive long-term antibiotic therapy [7, 8] . Differences in bacterial virulence behavior may contribute to this variation in clinical presentation among these otherwise healthy, immunologically competent children [9, 10, 11, 12] .
Previous studies have attempted to elucidate the pathogenetic mechanisms of Staphylococcus aureus virulence based on a variety of candidate genes, in isolation or combination, which may play a role in disease pathogenesis [13, 14, 15, 16, 17, 18, 19] . The advent of next generation sequencing allows for a greater discriminatory power to aid in this investigation, however, there are current limitations posed by the lack of a suitable reference strain for DNA library assembly. The majority of clinical isolates for which whole genome sequencing data is publicly available in the GenBank database of the National Center for Biotechnology Information (NCBI) have been isolated from skin and soft tissue infections or from adults [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31] . Of the two reference strains which are commonly used for USA300 methicillin-resistant Staphylococcus aureus (MRSA) research, TCH1516 and FPR3757, neither are ideal to study AHO [32, 33] . TCH1516 was obtained from an adolescent describe as having "severe sepsis syndrome" without osteomyelitis [32] . FPR3757 was isolated from the wrist abscess of a 36-year-old HIVpositive white male with a history of injection drug use from San Francisco, California [33] . In a recent study of Staphylococcus aureus isolates obtained from children with AHO within a single community, phylogenetic analysis utilizing TCH1516 and FPR3757 as reference strains demonstrated substantial genetic distance of the all study isolates from either reference strain [9] .
The purpose of this study is to evaluate the impact of genomic variation of Staphylococcus aureus on clinical phenotype of affected children and determine which virulence genes correlate with severity of illness. A secondary purpose is to carefully annotate candidate virulence genes within the Staphylococcus aureus genome following de novo assembly of the whole genome of a novel isolate of MRSA which caused severe AHO in a child in the Southwestern United States. 2.2. Clinical phenotype of the child from whom the reference strain was isolated UTSW55 was isolated from an otherwise healthy 12 year old female with osteomyelitis of the right proximal femur, septic arthritis of the right hip, and adjacent pyomyositis. She had sustained a recent minor fall which was followed by fever and pain in the hip region. She was hospitalized in septic shock with disseminated infection (bacteremia, deep venous thrombosis of the right iliac vein, septic pulmonary emboli, pneumonia and a urinary tract infection). She had eight consecutive days of positive blood cultures. Cultures were positive for clindamycin-sensitive MRSA. She was treated with five days of inotropic support, two weeks of mechanical ventilation and five surgical procedures. Her initial hospitalization was 51 days, 19 of which were intensive care. A total hip replacement was ultimately performed due to avascular necrosis, chondrolysis, and a pathologic femoral neck fracture.
Materials and methods

Ethics statement
Severity of illness scored (Table 1) 
Study population
Previously healthy children birth to 18 years who were admitted and confirmed to have AHO due to methicillin-sensitive or methicillin-resistant Staphylococcus aureus (MSSA or MRSA, respectively) between January 1, 2009 and March 1, 2014 were retrospectively studied. AHO was defined as infection diagnosed within 2 weeks of the onset of symptoms. Diagnosis was confirmed by magnetic resonance imaging (MRI), positive cultures, and histopathology of bone obtained from the site of infection. Bacterial isolates from infected bone were obtained under sterile conditions in the operating room, plated on sheep blood agar, and incubated at 37
. Bacterial isolates were then catalogued and stored at À80 C in the microbiology lab.
Excluded from the study were children with underlying medical conditions associated with immunocompromise, children with AHO caused by any other bacterial organism, culture-negative cases, and children with history of surgery or penetrating inoculation as the cause of infection. 
Next generation sequencing of clinical isolates
A range of 2e5 ug of isolated genomic DNA, quantified by Picogreen, was submitted to the UT Southwestern Genomics Core (see http://genomics.swmed.edu/) from each study isolate for sequence analysis. Sequencing libraries were produced using TruSeq adaptors (Illumina, Inc., San Diego, CA) with inserts of 300e500 bp in length. DNA quality was analyzed with a Bioanalyzer (Agilent technologies).
Sequencing was performed on an Illumina HiSeq 2000 using a paired-end protocol in which 100 bp sequences were obtained from each end of the sequencing library fragments. An average of 6.9 million reads was obtained for the study samples, for an average of 243-fold coverage of the Staphylococcus aureus genome. Sequencing protocols and basic information concerning the sequence generation are available from the UT Southwestern Genomics Core website. One-way ANOVA was used to compare 4 groups, followed by post-hoc Tukey (which accounts for multiple comparisons). Likewise, a nonparametric Kruskal Walis test was used to compare 4 groups. LOS (length of stay); TLOS (total length of stay including readmission days); ICU LOS (length of intensive care stay); CRP (C-Reactive Protein); SIS (severity of illness score).
Genome assembly and gene prediction
Genome assembly for the isolates was performed using the A5-miseq microbial genomic assembly pipeline specifically designed for Illumina sequencing data [34] . The assembled isolates had an average contig count of 48 with an N50 length of 607,387. Assembled genomes were then run through the gene prediction tool Glimmer3 (https://ccb.jhu.edu/software/glimmer/) before annotation.
Gene presence and annotation
To assess the presence of genes across Staphylococcus aureus isolates, reference sequences for genes were retrieved from the NCBI Gene database (https://www.ncbi. nlm.nih.gov/gene) using the taxonomy filter for Staphylococcus aureus (ID: 1280).
Exhaustive literature review was performed to identify a list of candidate virulence genes. The predicted genes were then aligned to the reference database using the blastp functionality within the DIAMOND program [35] . Due to various levels of sequence similarity between genes, only sequence alignment results with similarity identity scores greater than 0.8 were selected as positive matches. No other filtering criterion was applied to determine presence or absence of gene for a particular isolate. Despite the presence of multiple alternate gene names within the NCBI Gene database, the detailed annotation effort resulted in a unique list of 201 genes, identified within the Staphylococcus aureus species, to which predicted protein sequences could be unambiguously assigned. 
Identification of genes associated with severity of illness
The Kruskal-Wallis rank sum test was used to measure the significance of association between the severity of illness scores of affected children and presence or absence of genes within each genome of the associated causative organism [36] . Calculated pvalues were further adjusted using False Discovery Rate (FDR) and only genes with adjusted p-values less than 0.01 were considered to be significant [37] .
Phylogenetic tree analysis
Using the single contig of UTSW55 as reference, SNP calling was performed using MUMmer [38] . The haplotypes for each of the study samples were generated with confident homozygous single nucleotide variant (SNV) sites for which the read fractions supporting major alleles were greater than 0.9 for every sample. These haplotypes were used as the nucleotide input for MEGA 6.06 (Molecular Evolutionary Genetics Analysis http://www.megasoftware.net/mega.php) for phylogenetic analysis. Maximum Likelihood (ML) phylogenetic reconstruction was performed with the Jukes-Cantor model using the ML Heuristic Method of NearestNeighbor-Interchange (NNI). The initial tree was assembled using maximum parsimony to estimate the evolutionary distances between sequences by computing the proportion of nucleotide differences between each pair of sequences (Fig. 4) .
Results
Patient population and reference strain
The clinical severity of illness scores of the study population ranged from 0 to 10 (mean 5.3 AE 3.7). Denovo assembly of UTSW55 using Pacbio HGAP on sequencing reads from 6 SMRT Cells yielded a prefilter read count of 318,329 and mean read length of 5,750. The final assembly of the Staphylococcus aureus chromosome had a contig count of 1 with N50 contig length of 2,898,306, plus 4 non-overlapping contiguous sequences with an average length of 35,372 bp, most likely representing plasmids. There were 2,054 assigned ORF's within the UTSW55 reference genome. Table 5 lists the 40 genes which were significantly associated with severity of illness of the affected children (p < 0.01). MRSA isolates were found to encode a significantly greater number of virulence genes (p < 0.0001) than did MSSA isolates ( Fig. 2A) . However, no significant difference in the number of virulence genes was identified when comparison was made between MRSA or MSSA isolates causing mild versus severe illness (Fig. 2B) . MRSA isolates demonstrated greater numbers of adhesion, immune evasion, proteases, regulatory, and other protein virulence genes (Fig. 3) . There was no difference in the number of toxin genes present between MSSA and MRSA isolates. For each virulence gene class, the genes which were present demonstrated greater variation when comparison was made between MRSA and MSSA than when comparison was made between isolates which had caused mild versus severe illness phenotypes. 
Determination of gene presence and annotation
Identification of genes associated with severity of illness
Phylogenetic analysis of UTSW55
Phylogenetic Analysis by maximum likelihood (PAML) depicts the relatedness of UTSW55 to the other clinical isolates from children with AHO caused by either MRSA or MSSA within our community. Construction of an unrooted radial dendrogram (Fig. 4) suggests a visible trend of higher severity of illness among predominantly MRSA isolates at one end of the dendrogram in comparison to lower severity of illness scores among predominantly MSSA isolates at the opposite end, with scattered exceptions of severity magnitude and antibiotic resistance throughout the dendrogram (Fig. 4) . Using sequences publicly available in GenBank (supplementary table S1), PAML was used to depict the genetic distance of the study isolates to GenBank sequences. from 0e5 compared with that of children with scores ranging from 6e10 (B). There was no significant difference of the number of virulence genes between severity categories. Fig. 3 . MRSA isolates were found to have greater numbers of adhesion, immune evasion, protease, regulatory, and other virulence genes than were found in MSSA isolates.
Discussion
The pathogenesis of AHO in children is related to the virulence capability of the causative organism, Staphylococcus aureus [3, 4, 7, 9, 10, 11, 12] . In order for otherwise healthy children to become infected, the organism must gain access to the circulation, survive in human blood, evade the host defenses, and adhere to deep tissues in a cascade of events supported by hemolysins, leukocidins, toxins, and adhesins [13, 14, 15, 16, 17, 18, 19] . Variation in the clinical spectrum of this disease is not surprising given the array of virulence genes within the organism's armamentarium which have been discovered to date [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31] . Following the initial publication of the gene sequence of N315 several investigations were undertaken to explore single gene determinants and genes in combination through polymerase chain reaction (PCR) technology [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31] .
However, discovery has been slow due to the limited discriminatory power of these methods as well as the lack of a relevant reference strain for genomic studies [32, 33] . As new technologies have emerged, it is necessary to reassess the virulence the isolates by severity of illness score is provided for visual reference (green e score 0 to 3 or mild; yellow e score 4 to 6 or moderate; and red e score 7e10 or severe).
capability of Staphylococcus aureus using next generation tools with improved discriminatory power while utilizing sequence data of a relevant reference strain.
Within this context, the addition of complete sequence data of UTSW55 to GenBank (Genbank: NZ_CP013231.1) (Fig. 5) provides necessary foundation for this investigation. Given the evolutionary nature of the Staphylococcus aureus genome, the study findings are enhanced by the geographic and chronologic proximity of the reference strain to the community isolates. This study represents the most exhaustive effort to date to accurately annotate the virulence genes of Staphylococcus aureus.
More importantly, this study has identified 40 virulence genes which are significantly associated with severity of illness among children with AHO [5, 6].
As expected, the majority of MRSA isolates within our community are more closely related to USA 300 than to other available reference strains. An unexpected finding was the phylogenetic diversity among the MSSA strains. Other investigators have similarly found CA-MRSA to be relatively homogenous while MSSA isolates from their study population demonstrated greater heterogeneity [32] . The MRSA isolates of this study were found to possess more virulence genes than MSSA isolates. Recent clinical experience in several communities suggest that MRSA causes Table 1 ) are depicted in the outer circle along with GC content in the inner circle. Alignment identity cutoff of 0.8 was used to determine missing regions in the query genomes compared to the UTSW55 reference.
more severe clinical disease in children [4, 7] . Although this severity is attributed to the antibiotic resistance profile of the bacteria, a more plausible explanation is the increased number of virulence genes among MRSA isolates. The findings of this study support the idea that the antibiotic resistance of the isolate is not the primary driver of severity, but rather a bystander effect.
No single virulence gene has been conclusively identified as responsible for the invasiveness of Staphylococcus aureus. It is suspected that combinations of virulence genes may be involved [11] . Previous investigators have shown that the genes fnbA, cna, sdrE, sej, eta, hlg, and ica are more common among invasive isolates [11] . After an extensive search of the literature and thorough gene annotation, this study reports 201 virulence genes of Staphylococcus aureus (see Supplementary table   S1 ). Among these are 40 which are significantly associated with severity of illness of children with AHO (Table 5 ). These specific genes will guide future studies of gene While the bacterial transcriptome was beyond the scope of this study, promising research using a murine osteomyelitis model demonstrates a differential gene expression of Staphylococcus aureus between in vitro and in vivo conditions [39, 40] .
These investigators found 180 genes which were significantly expressed during acute infection with actions involved gluconeogenesis, proteolysis, iron acquisition, evasion of host immune defense and stress response [40] .
This study represents the most current and extensive analysis of virulence genes of 
